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ABSTRACT 
 
 
 
 
 Hydrogen is one of the renewable energy sources that are viable as an 
alternative fuel source.  Hydrogen fuel offers protection towards the environment.  
Hence, hydrogen storage is a necessity in order for hydrogen fuels can be used for 
mobile purposes.  However, one of the major barrier for hydrogen fuels is the storage 
technique.  To prevent high pressure problem during storing, kenaf as adsorptive 
hydrogen storage was introduced in this study.  Since kenaf is a natural adsorbent 
with porous structure, modification with nickel metal for hydrogen adsorption 
process was conducted.  The objectives of the study were to characterize kenaf and 
modified kenaf as adsorbents, to assess adsorptive capacity of the adsorbents and to 
assess delivery performance of the adsorptive gas storage.  In this study, nickel 
nitrate (Ni(NO3)2) was used to modify kenaf using nickel metal deposition method.  
The concentration of Ni(NO3)2 was varied for each sample to determine the suitable 
amount of modifier for the kenaf sample.  The pressure applied during the 
experiment was also varied in order to observe the delivery performance of the 
hydrogen adsorption.  The physisorption occurred between hydrogen molecules and 
kenaf samples showed that modified kenaf was capable to adsorb more hydrogen as 
the hydrogen molecules was trapped within metal surface and kenaf surface itself.  
From this study, kenaf with 0.4 M of nickel (Ken-0.4MNi) showed better result in 
adsorbing hydrogen compared to raw kenaf sample.  The specific area measurement 
for this sample was 1.315 m2/g as it was a combination of mesoporous and 
macroporous structures.  The field scanning electron microscopy micrograph of Ken-
0.4MNi showed convincing surface structure for hydrogen molecules that had been 
adsorbed and stored since 0.4 M N-metal added improved the molecules arrangement 
in adsorbent.  Based on the findings, Ken-0.4MNi could adsorbed 15.0 mmol/g 
hydrogen at pressure of 4 bar. 
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ABSTRAK 
 
 
 
 
Hidrogen adalah salah satu sumber tenaga boleh diperbaharui yang berdaya 
maju sebagai sumber bahan api alternatif dan dapat melindungi alam sekitar.  Oleh 
itu, storan hidrogen adalah penting supaya bahan api hidrogen dapat digunakan 
dalam keadaan mudah alih.  Walau bagaimanapun, salah satu halangan utama untuk 
bahan api hidrogen adalah teknik penyimpanannya.  Bagi mengelakkan masalah 
tekanan tinggi semasa penyimpanan, kenaf sebagai storan gas hidrogen penjerapan 
telah diperkenalkan dalam kajian ini.  Memandangkan kenaf adalah penjerap semula 
jadi dengan struktur berliang, pengubahsuaian dengan menggunakan logam nikel 
untuk proses penjerapan hidrogen telah dijalankan.  Objektif kajian adalah untuk 
mencirikan kenaf dan kenaf yang diubahsuai sebagai penjerap, untuk menilai 
keupayaan penjerapan bahan penjerap dan menilai prestasi penghantaran storan gas 
penjerapan.  Dalam kajian ini, nikel nitrat, (Ni(NO3)2) digunakan untuk mengubah 
suai kenaf menggunakan kaedah pengendapan logam nikel.  Kepekatan Ni(NO3)2 
telah dipelbagaikan untuk setiap sampel bagi menentukan jumlah pengubah suai 
yang sesuai untuk sampel kenaf.  Tekanan yang digunakan juga dipelbagaikan untuk 
memerhatikan prestasi penghantaran untuk penjerapan hidrogen.  Penjerapan fizik 
yang berlaku di antara molekul hidrogen dan sampel kenaf menunjukkan bahawa 
kenaf yang diubah suai mampu untuk menjerap lebih hidrogen memandangkan 
molekul hidrogen telah terperangkap di dalam permukaan logam dan permukaan 
kenaf itu sendiri.  Daripada kajian ini, kenaf bersama 0.4 M nikel (Ken-0.4MNi) 
telah menunjukkan hasil yang lebih baik dalam menjerap hidrogen berbanding 
sampel kenaf sahaja.  Pengukuran luas tentu bagi sampel ini adalah 1.315 m
2
/g 
merupakan kombinasi struktur liang meso dan liang makro.  Mikrograf mikroskopi 
elektron pengimbas medan Ken-0.4MNi menunjukkan struktur permukaan molekul 
hidrogen terjerap dan tersimpan yang meyakinkan kerana penambahan 0.4MNi-
logam memperbaiki penyusunan molekul dalam penjerap.  Berdasarkan daripada 
hasil kajian, Ken-0.4MNi boleh menjerap 15.0 mmol/g hidrogen pada tekanan 4 bar. 
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CHAPTER 1 
 
 
 
 
INTRODUCTION 
 
 
 
 
1.1 Research Background 
 
 
 Recent years, hydrogen fuel has been seen has a great potential as an energy 
source.  Hydrogen can be generated from various sources, thus makes hydrogen the 
most available energy source in the universe.  Hydrogen can be produced not only 
from fossil fuels, but also from wind, solar, thermal biomass with no pollution and 
form water as byproduct (Alves et al., 2013).  With various new technologies 
development, hydrogen is categorized as renewable energy fuel.  At present, 
hydrogen is mainly used for vehicle.  Hydrogen fuel for vehicle is mainly divided 
into three categories: Nickel-hydride battery, which is combined as a metal hydride; 
in a spark-ignition engine powered car; and in a fuel cell (Cheng et al., 2012).  
However, hydrogen main problem is getting efficient storage technology.   
 
 
 Hydrogen has high energy capacity, with energy per unit of mass of 0.121 
kJ/g, which is higher than any other substances.  Nevertheless the demand for 
hydrogen kept increases since 2008.  This is due to hydrogen great performance as 
energy fuel.  For example, in oil sector, 364 billions/m
3 
of hydrogen has been 
consumed and 409 billions/m
3
 hydrogen consumption globally (Alves et al., 2013).  
By 2013 onwards, it was estimated that the global hydrogen demand will increase to 
18 % (Alves et al., 2013).  Hence, hydrogen energy demanding in various industries 
makes hydrogen as prime candidates to be used as power source in high technology 
development other than fossil fuels.  However, its characteristic of lower density 
with 89.88 g/m
3
 at stp makes storage of hydrogen fuel challenging. 
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Commercially, hydrogen storage has established three methods.  There are 
high pressure gas storage, cryogenic hydrogen storage and adsorptive hydrogen 
storage. Due to low density of hydrogen, it requires a very high pressure (up to 700 
bar) to store hydrogen gas (Zheng et al., 2012; Teichmann et al., 2012).  For 
cryogenic hydrogen storage method, the tank or vessel could be filled up to 95 % of 
the tank.  However, some space needs to be left due to prevent any embrittlement 
towards tank.  These two types of methods are costly since it requires high 
technology with high pressure requirement for storage purposes.   On the other hand, 
adsorptive hydrogen storage received attractive attention from researchers since it 
give better result in storing hydrogen with more economical cost.  Devarakonda et al. 
(2012) have done a research for modeling and simulation on chemical hydride that 
has been used in adsorptive hydrogen storage.  In their findings, by using ammonia 
borane (AB) as adsorbent, up to 16 % by weight could release 2500 mol/m
3
 
equivalent of hydrogen gas.  Himmelberg (2010) has shown in his study that 
hydrogen could be released in high rate and extended from AB adsorbent in presence 
if either ionic liquid or bases.  This shows that adsorptive material as potential 
efficient method for hydrogen storage. Moreover, adsorptive materials mostly are 
known for fuel cell application in transportation sector.  The presence of chemical 
hydride could improve the ability of hydrogen adsorption with low pressure 
compared to high pressure gas storage method. 
 
 
Metal hydride as adsorbent has attracted the developer in hydrogen 
adsorption field.  In industry, this adsorbent has been widely used in order to store 
hydrogen gas.  Pasini et al. (2013) has stated that Department of Energy US had 
simplified the on-board vehicle in order to use metal hydride as adsorptive hydrogen 
storage.  Metal hydride such lanthanum-nickel alloy (LaNi5), Titanium crystal 
(TiCrMn) and iron titanium hydride (FeTi) has been attraction for over past 30 years 
to store hydrogen gas (Pasini et al., 2013).  These three types of metal hydride 
commonly used to reversibly store and deliver hydrogen for several transportation 
industries, but have been considered too heavy for nowadays commercial vehicle. 
 
 
 Hydrogen fuel storage has influenced the vehicle in various aspects including 
cost, performance and fuel economy.  By using adsorbent materials, hydrogen 
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storage could be improved when more hydrogen molecules could attached onto 
adsorbent surfaces.  By using adsorbent such as kenaf or Hibiscus Cannabinus L., 
hydrogen storage may improve due to its light weight and high surface areas.  Kenaf 
shows potential as fiber crop in various applications such as glass fiber composites.  
This bio-based has benefits farmers and could reduce non-renewable resources 
consumption.  It is also safe for filling and delivering (Jimenez et al., 2012) since 
kenaf is natural fiber.  The particle size of kenaf (300 µm to 500 µm) has shown its 
ability to adsorb gas since kenaf is widely used as oil absorbent in industry.  For 
examples, in chemical industry, kenaf has been used to remove undesired chemical.  
This shows that kenaf contain good porous structure in its fiber since it being able to 
adsorb chemical or gas molecules. 
 
 
Porous material such as kenaf has been introduced as new green technology 
in engineering.  In general, the inner part of kenaf stalk which is kenaf core fiber has 
special characteristics as agro-based adsorbent since it has an internal porous 
structure to provide large surface area.  Kenaf has potentially superior and cheaper 
adsorbent natural fiber and it known as biodegradable products, economically viable 
and ecologically friendly.  With porous structure, kenaf has potential to be used as 
adsorptive material in gas storage.  Zaveri (2004) in his research has identified that 
kenaf core particle gave high water absorbency depends on its particle size. This 
shows that kenaf core fiber could become alternative method for adsorption 
development.  In order to improve kenaf characteristics as adsorptive hydrogen 
storage material, a functional group would be introduced to the surface of kenaf.  
Reports have proved that surface of adsorbents play important role in ehancing 
sorption capacity (D’Elia et al., 2009; Paggiaro et al., 2010; Yi et al., 2011; Jimenez 
et al., 2012).   
 
 
 
 
1.2 Problem Statement 
 
 
 Adsorptive storage is one of the methods for storing hydrogen.  By using 
adsorption process, physical adsorption of hydrogen forms a weak bond within pores.  
Adsorptive processes usually require highly porous materials in order to obtain 
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maximum surface area available for hydrogen sorption.  It also requires easy uptake 
and release of hydrogen from the materials.  By using suitable adsorbent, hydrogen 
gas could be adsorbed and store efficiently.  The characteristic of adsorbent has 
influenced the performance of adsorption process.  It includes the 500 µm of particle 
size of adsorbent and its behavior on how it reacts with hydrogen molecules.  There 
are few economical adsorbents are not suitable for hydrogen adsorption because of 
hydrogen characteristics, which are flammable.  Excessive moisture that contain in 
adsorbent may be initiator for explosion occurred.  Moreover, requirement on 
pressure of 700 bar for storing hydrogen gas in industry has demand more energy 
and costly.  Therefore, new adsorbent in adsorptive method need to be introduced in 
order to make it reliable and more economical to the industry.   
 
 
The use of kenaf as adsorptive material may reduce the storage pressure of 
the gas.  In research and development, the capacity of hydrogen gas could be stored 
has become one of crucial part in storing gas.  This is due to save more energy and 
space for secure use.  Therefore, kenaf adsorbent has expected to become a new 
adsorbent that adsorb high amount of hydrogen.  Since particle size of adsorbent has 
become one of the factors required, the adsorptive properties of kenaf need to be 
improved in order to maximize its storage capabilities.  In this study, the particle size 
used for kenaf adsorbent was 500 µm in size.  For novalty, kenaf were modified 
using nickel in metal deposition method in order to improve its adsorptive ability.  
By using kenaf adsorbent, space for hydrogen storage could be reduced and capacity 
of hydrogen stored has expected to be better. 
 
 
 
 
1.3 Objectives of Study  
 
 
Based on the above mentioned the problem, this work investigates adsorption 
characteristic of hydrogen on kenaf.  The objectives of this study are: 
i. To characterize kenaf and modified kenaf as adsorbent.  
ii. To assess adsorptive capacity of adsorbent. 
iii. To assess delivery performance of the adsorptive gas storage. 
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1.4 Scope of Study 
 
 
Based on the underlying objectives, kenaf (Hibiscus cannabinus L.) was 
modified using nickel metal (Ni(OH)3) as modifier.  In this study, nickel nitrate 
(Ni(NO3)2) has been used to modify kenaf adsorbent.  Then, the study has been 
continued by selecting the suitable method to modified kenaf adsorbent.  The 
concentration of Ni(NO3)2 added were varied and the characteristics of the adsorbent 
has been determined.  Kenaf has been expected gives higher porosity in its internal 
structure.  This study includes measuring the specific area of raw and modified kenaf 
by using BET surface area, which could lead the better adsorbent for hydrogen 
storage.  Other than that, characterization of kenaf samples has been conducted for its 
physical and chemical properties using Thermogravimetric analysis (TGA) to 
investigate the changes in kenaf before and after modification.  Field Scanning 
Electron Microscopy (FESEM) analysis also has been carried out in this study.  It is 
used to identify the surface structure of raw and modified kenaf.  Energy Dispersive 
X-ray (EDX) analysis also has been implemented in this study in order to observe the 
behavior change in kenaf chemical content.  Eventually, this test would figure out the 
characteristic of reliable raw kenaf and modified kenaf adsorbent. 
 
 
This research investigated the potential use of modified kenaf as adsorptive 
material in hydrogen gas storage.  By suitable amount of modifier, the result of the 
modified adsorbent reacts determined the suitable value for gas storage using kenaf 
as adsorbent.  The adsorptive capability of modified kenaf has been reviewed in 
order to determine the suitable value of modifier used for kenaf.  In order to assess 
the adsorptive capacity of adsorbent, this study has carried out experiment on 
adsorbent used to store hydrogen.  By measuring the concentration of Ni(NO3)2 
added in kenaf modification, it is believed it influenced the amount of hydrogen 
adsorbed.  During the experiment, the storage capacity of kenaf been measured with 
hydrogen pressure supply from 2 bar to 6 bar.  Kenaf adsorbent with different 
concentrations of Ni(NO3)2, variation of pressure level (2 bar until 6 bar) and 
adsorption time (8 hours) were used to determine the performance of hydrogen 
adsorption. 
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By carried out the test, performance of overall gas storage has been assessed.  
In ambient condition, the hydrogen storage was charge and discharged to investigate 
the delivery performance of storage system.  In this study, van der Waals equation 
has been used in order measuring the hydrogen adsorbed in kenaf adsorbent.  This 
equation has described that pairwise attraction called van der Waals force.  The 
molecules particles were attracted to each other.  The attraction force between them 
has taken into account and described the behavior of real fluids.  The van der Waals 
equation as shown in Equation 1.1.  
 
 
(𝑃 +  
𝑛2𝑎
𝑉2
 ) (𝑉 − 𝑛𝑏) = 𝑛𝑅𝑇            (1.1) 
 
 
where, 
 P − pressure (Pa) 
V − volume (m3) 
T − temperature (K) 
R − gas constant, 8.3144621 J/mol.K 
a, b − specific constant for each gas 
 
For hydrogen gas, a and b specific constant are 
a - 0.02476 J.m
3
 / mol
2 
b - 2.661 x 10-5 m
3
 /mol 
 
 
The best adsorbent that adsorbed high hydrogen gas used for cyclic 
performance shows modification of kenaf could enhance the capability of kenaf as 
gas adsorbent by increasing the number of adsorption site on the surface.  The 
amount of hydrogen adsorbed has been calculated by pressure reduced after 
hydrogen release into the system.  Moreover, the effect of parameters is important to 
be studied such as the modification of kenaf, concentration of modifier, the level of 
pressure used for hydrogen to be adsorbed and performance of hydrogen adsorption.  
In this study, performance of hydrogen adsorption was measured in rate of 
adsorption per gram of kenaf (mmol/g of kenaf). 
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1.5 Significant of Study 
 
 
 Kenaf was introduced as hydrogen adsorbent since it is light with highly 
porous material.  It role as adsorbent can reduce pressure in hydrogen storage.  Kenaf 
provides large surface area that could adsorb more hydrogen at the average pressure.  
In addition, dispersion of Ni(NO3)2 on kenaf surface may enhance the adsorption 
ability.  Nickel metal was known as one of reliable metal adsorbent in industry as 
good adsorbent for chemical and gas.  Therefore, it has been used as modifier in this 
study and improved the surface characteristic of kenaf.  The characteristic of kenaf 
has also been modified in terms of it physical and chemical structure shown in BET 
surface area and TGA analysis.  Furthermore, the surface and porosity of modified 
kenaf has been improved and become more structured compared to raw kenaf 
showed in FESEM analysis.  Modified kenaf could adsorbed more hydrogen 
compared using raw kenaf itself because the chances for hydrogen gas to adsorbed 
on modified kenaf higher compared to raw kenaf.  The surface area on modified 
kenaf gave more active site for hydrogen molecules bond within kenaf porous.  
Hence, findings in this study have given significant improvement in hydrogen 
adsorption process. 
 
 
 
 
1.6 Report Outline 
 
 
 There were five chapters in this report.  Introduction of research has been 
written in first chapter.  The background of study, problem statement, objectives of 
study and scope has been included in this chapter.  Significant of study was also 
included to highlight the benefit of this research.  In Chapter 2, literature review 
written on hydrogen adsorption, the technologies currently used in industries 
including adsorptive storage, adsorbent used in industries and characteristics on 
kenaf were presented.  Chapter 3 described on materials, methods and procedures 
used in the experiment.  The experimental rig and the fabricated adsorbent reactor 
and system were also included. In addition, the preparation of kenaf adsorbent and its 
modification were thoroughly explained.  The results were presented and discussed 
in Chapter 4.  In the chapter, discussion on the characteristics of kenaf and modified 
67 
 
 
REFERENCES 
 
 
 
 
Ahluwalia R. K. and Peng J. K. (2008). Dynamics of Cryogenic Hydrogen Storage in 
Insulated Pressure Vessels for Automotive Applications. International 
Journal of Hydrogen Energy 33, 4622-4633. 
Alves H. J., Junior C. B. Frigo E. P., Carlos H. C. (2013) Overview of Hydrogen 
Production Technologies from Biogas and the Applications in Fuel Cells. 
International Journal of Hydrogen Energy Xxx, 1-11. 
Argun, Emin M., Dursun, Sukru. (2008). A New Approach to Modification of  
Natural Adsorbent for Heavy Metal Adsorption. Journal of Bioresource  
Technology 99, 2516-2527.  
Besancon B.M., Hasanov V., Imbault-Lastapis R., Benesch R., Barrio M., Molnvik 
M.J. (2009). Hydrogen Quality from Decarbonized Fossil Fuels to Fuel Cells. 
International Journal of Hydrogen Energy 34, 2350-2360. 
Bimbo N., Ting V. P., Sharpe J. E. and Mays T. J. (2013). Analysis of Optimal 
Conditions for Adsorptive Hydrogen Storage in Microporous Solids. Colloids  
and Surface A: Physicochemical and Engineering Aspects 437, 113-119. 
Broom, D. (2007). The Accuracy Of Hydrogen Sorption Measurements On Potential 
Storage Materials. International Journal of Hydrogen Energy 32,4871-4888. 
Chen C. H., Chung T. Y., Shen C. C., Yu M. S., Tsao C. S., Shi G. N., Huang C. C, 
Ger M. D., Lee W. L. (2013). Hydrogen Storage Performance in Palladium-
Doped Graphene/Carbon Composites. International Journal of Hydrogen 
Energy 38, 3681-3688. 
Corgnale C., Hardy B. J., Tamburello D. A., Garrison S. L. and Anton D. L. (2012). 
Acceptability Envelope for Metal Hydride-Based Hydrogen Storage Systems. 
International Journal of Hydrogen Energy 31, 2812-2824. 
68 
 
 
Devarakonda, M., Brooks, K., Ronnebro, E. Rassat, S. Chemical Hydrides  
for Hydrogen Storage in Fuel Cell Applications. SAE Technical Paper Dillon 
A. C. and Heben M. J. (2001). Hydrogen Storage using Carbon Adsorbents: 
Past, Present and Future. Applied Physics a Materials Science & Processing 
72, 133-142. 
Fomkin A. A., Sinitsyn V. A. (2008). Hydrogen Adsorption on a Carbon Adsorbent 
with Slitlike Micropores Below and Above the Critical Temperature. Colloid 
Journal 70, 112-117.  
Gaetano C. (2000). Industrial Waste Treatment Processes Engineering : Specialized 
Treatment Systems, Volume 3. 
Hasfalina C. M., Maryam R. Z. Luqman C. A. and Rashid M. (2012). Adsorption of 
Copper (II) from Aqueous Medium in Fixed-Bed Column by Kenaf Fibres. 
APCBEE Procedia 3, 255-263. 
Hong S. H., Kwon S. N., Bae J. S. and Song M. Y. (2012). Hydrogen Storage 
Characteristics of Melt Spun Mg–23.5Ni–5Cu Alloys Mixed with 
LaNi5 and/or Nb2O5. Journal of Industrial and Engineering Chemistry 18, 
61-64. 
Jose´ M. P., Claudio C., Bart A. H., Theodore M., Sudarshan K., Kevin L. Simmons 
(2013). Metal Hydride Material Requirements for Automotive Hydrogen 
Storage Systems. International Journal of Hydrogen Energy 38, 9755-9765. 
Knowles, G.P., Graham, J.V., Delany, S.W., and Chaffee, A.L. (2005). Fuel Process. 
 Technology 86, 1435 – 1448. 
Li C., Peng P. Zhou D. W. and Wan L. (2011). Research progress in LiBH4 for 
Hydrogen Storage: A Review. International Journal of Hydrogen Energy 36,  
14512-14526. 
Lipman T. An Overview of Hydrogen Production and Storage Systems with 
Renewable Hydrogen Case Study. Clean Energy States Alliance; 2011. 
Luzan S. (2012). Materials for Hydrogen Storage and Synthesis of New Materials by 
Hydrogenation. Doctoral Thesis. Department of Physics Umeå University. 
Maruthi D., Kriston B., Ro¨nnebro E., Rassat S. (2013). Systems Modeling, 
Simulation and Material Operating Requirements for Chemical Hydride 
Based Hydrogen Storage. International Journal of Hydrogen Energy 37, 
2779-2793. 
 
69 
 
 
Midilli, A., Dincer, I. (2008). Hydrogen as a Renewable and Sustainable Solution in  
Reducing Global Fossil Fuel Consumption. International Journal of 
Hydrogen Energy, 33, 4209-4222. 
Ming A., Jurgensen A. R., Spencer W. A., Anton D. L., Pinkerton F. E., Hwang S. J., 
Kim C.,Bowman R. C. J. (2008). Stability and Reversibility of Lithium 
Borohydrides Doped by Metal Halides and Hydrides. Journal Physics 
Chemistry C.112, 18661-18671. 
Miura S., Fujisawa A., Tomekawa S., Taniguchi Y., Hanada N. and Ishida M. 
(2013). A Hydrogen Purification and Storage System Using CO Adsorbent 
and Metal Hydride. Journal of Alloys and Compounds, S414-S417. 
Othman M. R. and Akil H. M. (2008). The CO2 Adsorptive and Regenerative 
Behaviors Of Rhizopus Oligosporus and Carbonaceous Hibiscus Cannabinus 
Exposed to Thermal Swings. Journal of Microporous and Mesoporous 
Materials 110, 363-369. 
Pasini, J.-M., Corgnale, C., van Hassel, B.A., Motyka, T., Kumar, S., Simmons, K.L. 
(2013). Metal hydride material equipment for automotive hydrogen storage 
system. International Journal of Hydrogen energy 38 (23), 9755-9765. 
Sainz, D., Dieguez P. M., Sopena, C., Urroz, J. C. and Gandia L. M. (2012). 
Conversion of a Commercial Gasoline Vehicle to Run Bi-Fuel (Hydrogen-
Gasoline). International Journal of Hydrogen Energy 37, 1781-1790. 
Sakintuna B., Lamari-Darkrim F. and  Hirscher M. (2007). Metal Hydride Materials 
for Solid Hydrogen Storage: A Review. International Journal of Hydrogen 
Energy 32, 1121-1140. 
Salvador M. A., Loza F., Orozco E. L., Timothy O., Ross, Weisberg A. H., Brunner 
T. C., Kircher O. (2010). High Density Automotive Hydrogen Storage with  
Cryogenic Capable Pressure Vessels. International Journal of Hydrogen 
Energy 35, 1219-1226. 
Seung J. Y., Jung H., Kim T., Im J. H., Park C. R. (2012). Effects of Structural  
Modifications on the Hydrogen Storage Capacity of MOF-5. International 
Journal of Hydrogen energy 37, 5777-5783. 
Suttisawat Y., Rangsunvigit P., Kitiyanan B., Williams M., Ndungu P., Lototskyy M. 
V. Nechaev A., Linkov V. and Kulprathipanja S. (2009). Investigation Of 
Hydrogen Storage Capacity Of Multi-Walled Carbon Nanotubes Deposited 
With Pd Or V. International Journal of Hydrogen Energy 34, 6669-6675. 
70 
 
 
Teichmann D., Arlt W.and  Wasserscheid P. (2012). Liquid Organic Hydrogen 
Carriers as an Efficient Vector for the Transport and Storage of Renewable 
Energy. International Journal of Hydrogen Energy 37, 18118-18132. 
Thomas, K. M. (2007). Hydrogen Adsorption and Storage on Porous Materials.  
Catalyst Today 120, 389 – 398. 
Vasile C. and Efremovich G. (2009). Environmentally Degradable Materials Based 
on Multicomponent Polymeric Systems. 
Vasiliev L. and Kanonchik L. (2010). Improvement of Hydrogen Storage by 
Using Activated Carbon Fibre, Heat Pipe and Cryogenic Temperature. VII 
Minsk International Seminar “Heat Pipes, Heat Pumps, Refrigerators, Power 
Sources”, 296-307. 
Verhelst S. (2013). Recent Progress in the Use of Hydrogen as a Fuel for Internal  
Combustion Engines. International Journal of Hydrogen Energy 39, 1071-
1085. 
Wei, J., Shi, J., Pan, H.,Zhao, W., Ye, Q., and Shi, Y. (2008). Microporous 
Mesoporous  Mater 116, 394 – 399. 
Xin Hu, Fan M, Towler B. F., Radosz M., Bell D. A., Plumb O. A. (2011). Hydrogen 
Adsorption and Storage. International Journal of Hydrogen Energy, 157-235.  
Xu, X., Zhao, X., Sun, L., and Liu, X. (2009). Journal of Natural Gas Chemistry 18,  
167– 172. 
Zheng J., Liu X., Xu P., Liu P., Zhao Y., Yang J. (2012). Development of  
High Pressure Gaseous Hydrogen Storage Technologies. International 
Journal of Hydrogen Energy 37, 1048-1058. 
Zheng C. H., Xu G. Q, Park Y. I., Lim W. S., Cha S. W. (2013). Prolonging Fuel 
Cell Stack Lifetime Based on Pontryagin’s Minimum Principle in Fuel Cell 
Hybrid Vehicles and its Economic Influence Evaluation. Journal of Power 
Sources 248, 
533-544.
